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Optically Powered, Optoelectronic Spatial Light Modulators

Stephen R. Forrest
Advanced Technology Center for Photonics and Optoelectronic Materials
Department of Electrical Engineering
Princeton University
Princeton, NJ 08544

Period of Performance: 8/1/92 to 2/28/93

The work during this first period of the grant to investigate the limits of high
bandwidth, high gain smart pixels has focussed on two areas: Analysis of the
limits of smart pixel technologies, and the design of a prototypical, high
performance integrated smart pixel. The pixel being pursued is a high bandwidth
spatial light modulator (SLM) pixel with gain and low power dissipation. We now
discuss in detail some of the results achieved in the first six months of the
program.

I. Analytical comparison of various smart pixel technologies. Here, smart
pixel NOR gates were used as a basis to compare, from first principles, the
fundamental processes which determine the performance of 2D smart pixel
arrays employing either optoelectronic (i.e. detector/logic circuit/laser) or SEED
based technologies. In this analysis, such factors as device noise and input
power sensitivity, bandwidth, power dissipation, switching energy, temperature
and wavelength sensitivity were all considered from a system/device
performance perspective. it was found that a useful “figure of merit® for 2D smart
pixel arrays is the information flux density, F = Bp. Here, B is the bandwidth per
channel in the array, and p is the number of pixels per unit area which is typically
constrained by power dissipation. Assuming a maximum power dissipation of 1
W/cm?2 for the array, the optoelectronic (and in some cases FET-SEED arrays)
can have F = 200 GHz/cm2 at a maximum channel bandwidth approaching 10
GHz. This is compared with SEED-based arrays, which typically have a
limitation of 1 - 10 GHz/cm? at a channel bandwidth of 10 - 100 MHz. This study
goes further, to compare optoelectronic smart pixel technologies to Si CMOS.

A second result is that, for the first time, we analyzed the basic switching
noise processes in SEED devices. Understanding switching noise is central to




determining the range of applicability of any particular technology to a given
system application, and hence it is important that such calculations be done to
ascertain the potential performance of SEED-based switches in networks. Our
conclusion is that SEEDs are shot noise limited, and can achieve low bit error
rate operation only under certain well defined ranges of bandwidth and input
power (which must be traded off against each other). We regard this *first
principles" calculation as an essential step in the utilization of any bistable
switching technology in a particular system environment.

Both of these studies have been detailed in the manuscripts provided in
Appendix 1. These are:

1. “Implementations of Smart Pixels for Optoelectronic Processors and

Interconnection Systems. I. Optoelectronic Gate Technology®, S. Yu and S. R.

Forrest, IEEE J. Lightwave Technol., accepted (1993).

2. *Implementations of Smar Pixels for Optoelectronic Processors and
Interconnection Systems. |l. SEED-Based Technoloogy and Comparison
with Optoelectronic Gates®, S. Yu and S. R. Forrest, IEEE J. Lightwave
Technol., accepted (1993).

3. *Switching Noise in Self-Electrooptic Effect Device Logic Gates®, S. Yu
and S. R. Forrest, Appl. Phys. Lett., submitted (1993).

li. Spatial Light Modulator Design. In a second line of investigation, we have
begun the process of demonstrating a smart pixel circuit which tests the limit of
performance of optoelectronic pixel technology. For this purpose, our research
has focussed on the design of a very high bandwidth, low power dissipation
spatial light modulator array. The circuit for this device is shown in Fig. 1.

This circuit, which will be fully integrated using the InGaAs/InP materials
system, has the ability to be either optically or electrically controlled. The optical
input data signal is incident on the p-i-n detector which is approximately 40 um in
diameter. This signal is then amplified using a negative-feedback, stable front-
end HBT amplifier which then drives one of a differential pair of transistors in the
vutput, or "transmitter" stage. The second transistor of the output pair serves as
the current source for the output laser. Optical control is effected by illuminating
a photoconductor with a short wavelength (0.82 um) conivol beam, Pc. This
photoconductor is in series with the emitter resistor of the front end FET, and
hence it "enables* tho receiver frecnt-end circuit.  We will fabricate ihe




photoconductor using an intercligitated pattem of electrodes placed directly onto
the surface of the semi-insulating InP substrate. In those circuits where only
electrical control is desired, the photoconductor will be replaced by a pattemed
interconnect between the emitter resistor and ground.

PV

Power

e

D

Electrical i
Control & Prebias

Figure 1: SLM Circuit

Electrical enable, or control of the SLM, as well as laser pre-bias, is
provided by an electrical contact placed at the cathode of the laser diode.
Presently, we are considering two different approaches to laser integration. The
initial circuits will have longitudinal lasers bonded onto accepting pads in the
circuits. These lasers will be mounted adjacent to 45° mirrors which will reflect
the light normal to the wafer surface. In the second generation SLM array,
integrated lasers with RIE etched angled mirrors will be employed.

“inally note that the circuit above employs photovoltaic (PV) powering.
This type of powering, which hias been shown in previous work to greatly reduce




Output Power (Rel))

cross-talkk between pixels, will be integrated in some (but not all) pixel arrays to
test their utility in this particular application.

We have SPICE modelled the circuit in Figure 1 and have found the
following performance characteristics assuming a laser threshold current of 1
A ,

« Pixel power dissipation = 7.5 mW

* Supply Voltage: 3V

* Bandwidth: 1.4 GHz -

¢ Optoelectronic gain: 10dB
The frequency response of the pixel is shown In Fig. 2. Note that the threshold
current assumed for this pixel is quite small. Thus, a prebias line is placed in the
circuit in Fig. 1. If we assume a pixe!l power dissipation of 10 mW is acceptabia
(leading to a packing density of 100 cm-2 for a total power dissipation of 1 W/em?2
In a passively cocled chip), this implies that the allowable threshold current can
be approximately 3.5 mA. This value Is certainly easier to obtain than 1 mA,
although 1t still implies that very high quality lasers must be-employed. However,

if we use active cooling (i.e. I a TE cooler Is employed), then even higher laser
thresholds can be tolerated.

21 .0u
21 .04 I_—_——rzag\
K
11.00 e et it +——+ Jf::hL 4+

. 1.66U \-=__

-9 .00

1MEG 10MEG 1D9BMEG . 15
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Figure 2: Frequency respense of the SLM in Fig. 1.
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Nevertheless, these performance parameters are excellent, and should
make this SLM smart pixel technology highly competitive with alternative means.
in addition, the low supply voltage makes PV powering extremely attractive. We
have already begun to design the wafer stiucture ard layout for the pixel, and
this work will continue to be pursued in the coming months such that an
integrated SLM can be demonstrated in the near future.

ll. Personnel supported under AFOSR sponsorship

* Song Yu: Princeton University, PhD student.




Appendix |

Papers submitted to Journals Reporting work supported by this
AFOSR grant

1. *Implementations of Smart Pixels for Optoelectronic Processors and
interconnection Systems. |. Optoelectronic Gate Technology”", S. Yuand S. R.
Forrest, IEEE J. Lightwave Technol., accepted (1993).

2. “Implementations of Smart Pixels for Optoelectronic Processors and
Interconnection Systems. ll. SEED-Based Technoloogy and Comparison
with Optoelectronic Gates®, S. Yu and S. R. Forrest, IEEE J. Lightwave
Technol., accepted (1993).

3. *Switching Noise in Self-Electrooptic Effect Device Logic Gates", S. Yu
and S. R. Forrest, Appl. Phys. Lett., submitted (1993).
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Implementations of Smart Pixels for Optoelectronic
Processors and Interconnection Systems
I. Optoelectronic Gate Technology

Song Yu and Stephen R. Forrest
Advanced Technology Center for
Photonics and Optoelectronics Materials (ATC/POEM)
Department of Electrical Engineering
Princeton University
Princeton, NJ 08544

Abstract

Smart pixels are an emerging technology for implementing optical intercon-
nections and optoelectronic computing systems. We have studied several of tﬁe
common approaches to smart pixel technology, including smart pixels based on
optoelectronic integrated circuits and self-electro-optic effect devices (SEEDs).
In this first of two papers (Paper I), an optoelectronic NOR gate pixel consisting
of an output laser diode, two input photodetectors, and a transistor circuit is
analyzed for the purpose of investigating overall two dimensional (2D) intercon-
nection and processing system performance. We then analyze and discuss the
major pixel performance issues. The results show that the optoelectronic logic
gate has the advantages of low noise (typically ~ —35dBm), high bandwidth
(> 1GHz) and low temperature sensitivity while its power dissipation is about
5mW, resulting in a moderate pixel packing density of 200/cm? for a total chip
power dissipation of 1lW/cm?. In the subsequent paper (Paper II), we analyze a
similar, SEED-based logic element and compare its performance to the optoelec-

tronic approach studied here.




Table of Symbols for Paper [ and Paper 11

A device area

B Dbit rate

B., cutoff bit rate of SEED based logic gates
B transistor current gain
C, base-charging capacitance of the transistor
Ca photodiode capacitance
C;. base-emitter capacitance of the transistor
Cy  Miller capacitance
C, base-collector capacitance of the transistor
C, GCv+Cj.

C, stray capacitance
C. total input capacitance of the photoreceiver

Cit total capacitance of the S-SEED

CR contrast ratio

D decision level

d device thickness

) mass density

£ electric field

£,  bandgap

E,, switching energy

n.  optical coupling efficiency

74  external quantum efficiency of laser diode

M. spontaneous emission efficiency of laser diode
7pn  quantum efficiency of photodiode

F  fanout

F  information flux

Af bandwidth (3dB)

G  optoelectronic gain of a single stage interconnect
gm transistor transconductance

hv  photon energy

Iy  current constant of laser threshold

I,  Personick integral

I3y Personick integral

I base current of HBT

I.  collector current of HBT

I,  gate leakage current of FET

I threshold current of laser diode

IT?  laser current of the on state
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average number of photons absorbed by SEED
photoreceiver sensitivity

probability of having a switching error
power of reading (or clock) beam of SEED
minimum input power required for a given SEED BER
average power dissipation

input power of S-SEED

input power of the on state

input power of the off state

output power of the on state

output power of the off state

pixel packing density

signal to noise ratio for a given BER
electron charge

bias resistance in FET-SEED

bias resistance in optoelectronic NOR gate
load resistance in optoelectronic NOR gate
thermal resistance

las.r diode resistance

Rp||Rua

base resistance of the transistor

dynamic resistance of the transistor
responsivity of SEED as a function of bias voltage
digital signal level

standard deviation of s;

temperature

characteristic temperature of laser threshold
transmission coefficient of SEED at “off”
transmission coeflicient of SEED at “on”
base transit time

thermal time constant

bit time slot

power supply of S-SEED

voltage at the riode between the two SEEDs in a S-SEED
power supply for optoelectronic NOR gate
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Implementations of Smart Pixels for Optoelectronic
Processors and Interconnection Systems
I. Optoelectronic Gate Technology

Song Yu and Stephen R. Forrest
Advanced Technology Center for
Photonics and Optoelectronics Materials (ATC/POEM)
Department of Electrical Engineering
Princeton University

Princeton, NJ 08544

1 Introduction

The difficulty of implementing high density interconnections at high frequency with conven-
tional integrated electronic circuits has led to the search for alternatives that use photons as
the carrier of information [1-3]. As a result, much effort has been made to develop photonic
switching technology. One particularly promising approach is based on smart pixels, which
can be defined as autonomous circuits or devices that can perform a logic, amplification,
switching, or other nonlinear function on incident light signals. An ideal smart pixel should
be able to offer the strengths of optics in communications such as high bandwidth and par-
allelism, and yet preserve tLie advantages of electronics in information processing, such as a

high degree of functionality.

The essential process in photonic switching is the modulation of light signals, which

can be accomplished either by direct source modulation or external modulation. In a source




modulation system as shown in Fig. 1(2), light is detected and then converted to an ele .rical
signal. The information embodied in the electrical signal is then processed by conventional
electronic integrated circuits, and subsequently reconverted to an optical signal by using an
output laser diode. Through this optical-electrical-optical cycle, it is the current in the laser
diode that is modulated. This approach is represented by laser-photodetector-based opto-
electronic smart pixel circuits(4-6]. In the external modulation system as shown in Fig. 1(b),
the intensity of a light signal is modulated when it passes through the medium of a modulator.
One of the most frequently investigated modulator structures is the self-electro-optic effect
device (SEED)(7, 8]. Although smart pixels based either on optoelectronic integrated circuits
(OEICs) or SEEDs have been been demonstrated, little work has been done in comparing
the fundamental advantages and limitations of these two different approaches. Nevertheless
such a comparative study shouid be helpful in our uuderstanding of their ultimate usefulness

in the context of optical interconnection and optical processing system performance.

The virtue of smart pixels is their capability of performing various logic functions on
a light signal. For example, a NOR gate configured using either OEIC or SEED fechnology
can serve as the basis for such a comparison since all Boolean logic operations can ultimately
be performed using combinations of such gates. Therefore it is illustrative to compare the
performance of two NOR gates; one based on OEIC, and the other on SEED technology.
In this paper, we will first (Section 2) configure an optoelectronic NOR gate as the basis
of our study. We will then analyze the performance of the gate in terms of noise (Section
3), bandwil h (Section 4), power dissipation (Section 5), temperature sensitivit; (Section
6) and sensitivity to variations in laser threshold current (Section 7). Finally, in Section
8, a brief summary of the optoelectronic approach will be given. In a subsequent paper

(Paper I1), a similar analysis of SEED-based smart pixel technology will be presented. In




Paper 1I, we will also compare the two approaches from a system perspective. We note
that in order to clearly compare device and system performance, we use a figure of merit
known as “information flux”, which is defined as the data throughput per unit area of an
interconnection plane used in cascaded, parallel pixel matrices such as those currently being

investigated for a broad range of optical interconnection and processing applications {9-10].

2 Optoelectronic NOR Gates

A schematic optoelectronic NOR gate is shown in Fig. 2a. It is composed of a laser diode (as
the output device) and two photodetectors (as the inputs). In recent years, rapid progress
has been made in demonstrating OEICs. Semiconductor laser diodes with submilliampere
threshold current have been demonstrated in the A = 0.85 - 1.5um wavelength range[11-15].
Figure 2b is the same NOR gate except that two additional common-base HBTs are used in a
cascode configuration, giving this latter structure improved high frequency performaﬁce{lﬁ],
although the resulting pixel is somewhat more complicated and power dissipative than that

in Fig. 2a.

High btandwidth integrated photoreceivers in the same wavelength range have also
been developed by using various component technologies including p-i-n photodiodes, field
effect transistors (FET), heterojunction bipolar transistors (HBT), and heterojunction bipo-
lar phototransistors (HPT)[17-20]. Since high bandwidth photoreceivers composed of bipo-
lar transistors have lower noise than those composed of FETs, we choose bipolar transistor
preamplifiers for the two gate inputs, or optical “receivers”. These optical receivers can be
either combinations of p-i-n photodiodes and HBTs, or can employ phototransistors as both

detector and preamplifier. Since large device area is convenient for photodetection, the HPT




approach tends to be slower than the combination of a p-i-n detector and a small-area HBT
due to the large base-emitter junction capacitance of the HPT. Therefore, in this paper we
will analyze a p-i-n photodiode and a HBT as the components for the NOR gate input.
We also assume that both the laser diodes and the photoreceivers operate at A = 1.3um or
0.8um wavelength, and are based on the InP or GaAs compound semiconductor systems,

respectively.

When neither of the p-i-n photodiodes at the two gate inputs are illuminated, the
laser diode at the output is biased above threshold so that the optical output is high, which
is defined as logical “1”. When either or both of the photodiodes are illuminated, current
will be shunted from the laser diode so that it is biased below threshold, and the optical
output level is low, giving a logical “0”. Therefore the circuit functions as a NOR gate with
optical inputs and output. When the output is “1”, the optical output power per laser facet

is given by:
hv on
Poy(on) = Eg[ﬂd(fu — Iin) + 7uplen)].- (1)

Here hv is the photon energy, q is the charge of an electron, 54 is the differential quantum
efficiency of the laser diode above threshold, 7,, is the efficiency of spontaneous emission
(where 74 < 74), and Iy, is the threshold current. The total current drawn from the DC
power supply consists of the laser driving current, Ii7', and the photodiode dark currents.
The dark current in a p-i-n photodiode is typically less than 10nA [21], while the driving
current of the laser is in the milliampere range. Thus the total power consumption is given by
Ve I}, where V.. is the power supply voltage. When either of the photodiodes is illuminated,

the photocurrent is given by:

g7,
Iph = "E?‘Pln(m)x (2)




where np is the quantum efficiency of the p-i-n photodiode, and P,,(on) is the incident light
power. A sufficiently large photocurrent will turn on the HBT and drive it into saturation,
in which case the collector current of the transistor is independent of the voltage. Then the
voltage from collector to emitter, i.e. the voltage drop across the laser diode, will decrease
to the saturation voltage, thus turning the laser diode off. The optical output power per

facet is then given by:

out(off) ’:V Nep Zif[’ (3)

where the laser driving current, I,‘:{ f, is smaller than the laser threshold current, Ju.

In order for the output to be sensitive to the change at the input, Rp has to be
sufficiently large to provide the required circuit gain. The value chosen for Rp determines
gain, bandwidth, noise, and switching energy of the logic gate, and therefore is an important
factor in gate design and performance. Normally, Rp is large enough to direct most of Ip4
to the base of the HBT, i.e. Ipp ~ I, = I./B, where I, and I are the base and collector
currents of the HBT, respectively, and [ is the small-signal current gain of the HBT. Here,
the I. needed to switch the laser is given by I — I} °ff For simplicity, we assume that the
laser diode current swings symmetrically about the threshold as it is being turned on and

off, i.e.:
IP —In=1In~ I = 14/2. (4)

Thus I, = I;s. We will use this relationship between I. and Iy, throughout our analysis

unless otherwise noted.




3 Noise Analysis

Noise performance is one of the defining characteristics of an optoelectronic receiver circuit{22].
In a cascaded interconnection/processing system, the output power at one stage is the input
power at the following stage. There exists a minimum optical input power (Pp,,) that is
necessary for the photoreceiver to maintain a certain bit error rate (BER) at a given opera-
tional bit rate. In order to compensate for coupling losses and to achieve fanout, the output

power of each stage must satisfy the following condition:
Poutﬂc/F > Prin, (5)

where 7. is the optical coupling efficiency between stages, and F is the fanout defined as the
maximum number of pixels that can be switched by the output from a single pixel in the
preceding stage. Since the output power is modulated by the current of the laser diode, which
in turn determines the gain-bandwidth and power dissipation of the pixel, it is important to

understand the factors that limit Ppin.

Starting with the small signal equivalent circuit for Fig. 2a shown in Fig. 3a, the

total input capacitance of one branch of the NOR gate, C,, is given by:
Ct=Cd+C.+C'+CM- (6)

Here C, is the photodiode capacitance, C, is the stray capacitance, Cy is the sum of the base-
charging and the base-emitter junction capacitances, and Cy is the Miller capacitance given
by Cm = (1 + gmR])Cy, where gm = qI./kT is the transconductance, R} = Ry|[Riq is the
resistance of the load (Ry) in parallel with the laser diode (Ry4), and C,, is the base-collector

capacitance.




The photodiode capacitance, Cq4, is determined by the absorption layer thickness
which must be sufficient to achieve high quantum efficiency, but thin enough to have high
bandwidth. For example, assuming a carrier velocity for InGaAs of 0.1um/ps, and if the
transit time is < 100ps, then the thickness of the p-i-n absorption region should be less than
10um. On the other hand, the absorption coefficient of direct bandgap semiconductors is
~ 10*/em, which gives an absorption length of 1um. Thus, an intrinsic region thickness of

> lum is desirable to ensure efficient photodetection.

The area of the p-i-n diodes can also be reduced to decrease the capacitance, but is
ultimately limited by the optical alignment technology used to interconnect stages in a two
dimensional (2D) cascaded network. Here, we assume a detector area of 20 x 20um? in our
model to allow for a reasonably large light-sensitive area. This gives a capacitance of 40fF
for a 1um thick intrinsic region. The stray capacitance, C, >~ 40fF, is due to the metal
connection between the p-i-n diode and the transistor [25]. For the HBT, the base-charging
capacitance, C), is given by the product of base transit time, 77, and the transconductance,
gm. For a 5004 thick InGaAs base of an InP/InGaAs HBT, the average velocity of electrons
is about 5 x 107cm/s [26], which gives 77 ~ 100fs. This makes Cy negligible compared to
Cje, the capacitance of the forward biased base-emitter junction. Thus Cy ~ Cj, which is
several hundred femto-Farads for an emitter thickness of several thousand A. Finally, C,
is determined by the base-collector junction area and collector thickness. For a 5 x 5um?

junction area and a thickness of 0.5um, C, >~ 5fF.

The mean square equivalent input noise current of a circuit such as in Fig. 2 is the

sum of the shot noise of the base and collector currents, and the Joh-son noise of the base
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resistance. That is:

<i*> = 2qI,BI,
%L 1 1
+ 93‘ {(E; + r—*)zBIg + (21FC¢)233]3]

BI
+4kTr,,[R—22 +(27)*(Cs + C,)*B3I3), (7)
B

where I; and I, are integrals whose value depends on the circuit transfer function {22}, and
B is the bit rate. Also, ry is the transistor base resistance, and r, = (/g is the dynamic

base resistance. The optical sensitivity is then given by:

b= (Ao
P=(;)Q() ®)

where P, the minimum time-averaged input power required to achieve a given BER, is used
instead of P, and @ is the signal-to-noise ratio for a given BER. For example, @ = 7
for BER = 10~!2. Figure 4 shows the circuit sensitivity as a function of bit rate assuming
I. = 1mA and 10mA. All the device parameters used in our calculations are listed in Table
1. In most cases, values typical of those reported in the literature for OEICs based on the
InP materials system are employed in this analysis. We see that for a given I, higher input
power (P) is needed to operate the gate at higher B due to the increase of noise current.
Alternatively, P is lower for smaller I, at a given value of B. Therefore it is essential to

reduce I. (and hence Iy;) in order to improve the optical sensitivity.

We define the detection margin of a logic gate at a given bit rate as the difference
between the output power emitted in one stage of a cascade reduced by the interconnection
and fanout losses (Poyt./F), and the receiver sensitivity of the following stage (P). As-
suming a symmetric current swing, ;s = 1mA, a laser diode slope efficiency of 0.4mW/mA,

7. = 0.5 and F = 10, we obtain Ppyn./F = —20dBm, which corresponds to the upper limit

11




of the vertical axis in Fig. 4. This results in a detection margin of 15dB at 1Gb/s, which

assures the low-noise operation of the system at that bit rate.

To design an interconnection/processing system operating at high bit rate, it is im-
protant to have a detection margin large enough to maintain the operation of the system at a
given BER. From the above results, we conclude that the receiver sensitivity will not signifi-
cantly affect the performance of OEIC smart pixels operating under the proposed conditions.
Since the capacitance of both the photodiode and the transistor contribute significantly to
the noise current at high bit rate, the areas of these devices should be minimized, which is
also desirable for improving the circuit bandwidth. With a photodiode area of 20 x 20um?
and typical transistor capacitances as listed in Table 1, the optoelectronic NOR gate has a

large detection margin which enables it to operate at rates of several gigabits per second.

4 Gain, Bandwidth, and Switching Energy

In a cascaded optical interconnection network, the number of stages allowed is limited by the
optoelectronic gain and the optical coupling efficiency between each stage. Gain is required
for each interconnect stage to compensate for the coupling losses and to achieve fanout; that

is:
G > F/q (9)

The optoelectronic gain of each interconnect stage is defined by:

_ Pou(on)
G= Po(on)” (10)

where P,,(on) and P,,(on) are the input and output optical powers respectively, representing

a logical “1” or “on”. For the optoelectronic NOR gate, the gain can be derived from Eq.(1)

12




and (2); giving:

G = Uph[’)d(Iz? — Ith) + T)'PIM] ) (11)
TR

where 7,p is approximately two orders of magnitude lower than 74, and hence the last term
in Eq.(11) can be neglected. Increasing the current gain (8) of the HBT reduces the I,
needed to turn off the laser diode, thus increasing G. Since the gain-bandwidth product of
the circuit is a constant, a high 3 will also increase r,, thus decreasing the circuit bandwidth
(see below). Figure 5 shows the relationship between F' and G for different 7.. We see that
F = 2 to 20 is obtainable with typical optoelectronic logic gates, although for most switching

networks, F = 2 to 10 is sufficient.

The frequency response of the optoelectronic NOR gate is determined by the dominant
pole of the transfer function. For an accurate frequency response calculation, zero-value
time constant analysis [23] can be used, which we present in the Appendix. Since the base
resistance, 73, is much smaller than the dynamic base-emitter resistance r, = 3/gm, and
since 7y € Rp, the total resistance at the input can be approximated by r,. Thus the

bandwidth can be approximated by:

1 ql.

Af = 5ereCe = 22BHTCY (12)

where C; is given by Eq. (6). Figure 6 (solid curves) shows the bandwidth (Af) of the
NOR gate as a function of I. using the device parameters listed in Table 1. At low I,
C, dominates C,, thus the bandwidth is approximately linear to I.. As I. increases, Cpy
increases and becomes comparable with C,, and hence the bandwidth curve is flattened.
One way to reduce this effect is by using the cascode NOR gat'e as shown in Fig. 2b (with its

equivalent circuit shown in Fig. 3b). The resulting Af as a function of I. is plotted by the

13




dashed curves in Fig. 6. We can see that cascode configuration can improve the bandwidth

by as much as 20% in the high collector current region.

Several points should be noted regarding the bandwidth of optoelectronic logic gates.
First, although high collector current leads to an increase of the bandwidth, it also increases
the noise current in the circuit as discussed in thé previous section. Thus the optical sensi-
tivity ultimately determines the bandwidth of the logic gates. Also pixel power dissipation
is proportional to the current. Therefore, to design logic gates with high bandwidth, we
have to trade off power and speed. Since the gain-bandwidth product of the circuit remains
constant for a given I, we have to make a compromise between the bandwidth and the
optoelectronic gain, and hence between bandwidth and the fanout of the pixel. The latter
is reflected by Fig. 7, in which the fanout is plotted against bandwidth for I. = 1mA and

10mA, with 8 as a variable.

Finally, we note that the contribution to C, from the p-i-n photodiode is area depen-
dent. Although reducing the area of the photodiode improves the bandwidth, it also makes
the optical coupling between stages more difficult, thus leading to an increase of input power
to compensate for inevitable coupling losses. Figure 8 shows the effect that the area of the
photodiode has on the bandwidth for different values of 8 in both noncascode (solid) and
cascode (dashed) circuits assuming I. = 1mA. (The small difference between the cascode
and noncascode cases is due to the low I as shown by Fig. 6). We see that for a photodiode
diameter increase from 5um to 15um, corresponding to a ten-fold increase in area, results in
a decrease in A f from 2GHz to 1.5GHz (for § = 25) which is only about 25%. The cause
of this relatively weak area dependence of Af arises since the base-emitter capacitance of

the HBT, C,, is larger than C,. Hence, the contribution of Cy4 to C; is not dominant. This
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important result implies that we can make the area of input photodetector larger than that
of the HBT to maintain high optical coupling efficiency while still being able to operate the

logic gates at high Af.

The switching energy is defined as the amount of energy change at the input required
to switch the gate from one logical state to the other. Thus the switching energy of the

optoelectronic NOR gate is given by
Eu = APpAt = [Pin{on) — Palof f)]At. (13)

where the switching time is At = 1/2Af, P;,(on) is given by Eq.(2), and Pis(of f) is the
input power of logical “0”. In a cascaded system, the inputs come from the outputs from
the preceding stage. Since 7., < 74, Pin(0ff) is negligible compared with P,,(on). Figure
9 shows the switching energy vs bandwidth for an optoelectronic NOR gate. We see that
the switching energy increases rapidly with the bandwidth due to the increase in collector
current which is needed to raise the gain-bandwidth product of the HBT. Thus for a given
current. gain, more input optical power is needed to induce a large change of collector current.
For 8 = 100, for example, the switching energy at a bandwidth of 1GHz (corresponding a
collector current of 3.5mA) is about 35fJ. Note that this value is between one and two
orders of magnitude lower than recent experimental data obtained for optoelectronic smart
pixels reported in literature. This mainly results from the fact that the circuits have not yet
been optimized for high bandwidth operation. For example, HPTs have been used instead
of the more advantageous combination of p-i-n diodes and HBT circuits discussed here [6].
Laser diodes with submilliampere threshold as well as high slope efficiency are also required
to reduce the switching energy [4]. A listing of recent performance data (including E,,,, Af,

etc.) for several different optoelectronic smart pixels is given in Table 2.
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5 Power Dissipation and Pixel Packing Density

High density interconnections with a large number of closely spaced pixels are required in
numerous high capacity digital system architectures. The maximum pixel packing density
(or number of pixels per unit area) of 2-D arrays imposes a limit on the degree of parallelism
of the system. One of the constraints on pixel packing density arises from the on-chip power
dissipation. For the optoelectronic NOR gate, the optical input power is at least two orders
of magnitude less than the electrical power needed to supply the circuit, and hence can be
neglected in calculating the maximum, thermal dissipation-limited pixel packing density, p.
When the laser is on (i.e., for the logical “1”), the power dissipated by the circuit is given

by:
FPa(on) = VeeIi7' — Pout(om) (14)

where V.. is the DC supply voltage, and IfT is the current of the laser diode while it is on.

When the laser is off, the power dissipated is:
Pa(of f) = Ve I/ + L. + Ioa) (15)

where Py(of f) is due only to spontaneous emission which is negligible compared with the
electrical power consumed by the circuit, and I7f’ is the laser current in the logical “0”
state. Since Rp must be large to achieve a large circuit gain, Ipa can be approximated by
I./B. The average power dissipation of the circuit for a 50% data duty cycle can then be

expressed as:
Pu = 5{Pu(on) + Pu(of )} (16)

Figure 10 shows the relationship between power dissipation and Iy for two different values

of V. for both the noncascode and cascode circuits. Notice that the larger power dissipation
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of cascode circuit is due to the additional amplifier stage which improves the bandwidth
of the logic gates. A high threshold current requires a large change in I. to switch the
gate from on to off, thus decreasing the optoelectronic gain of the circuit and increasing
the power dissipation. The DC voltage supply, V.., is predominantly determined by the
turn-on voltages of the laser and transistors, which are ~ 1V each. To reduce the power
dissipation of the circuit, a small V. is desirable. HBT's based on InGaAs/InP have turn-on
voltages of 0.75V[26] whereas GaAs/AlGaAs HBTs have turn-on voltage of 1.43V due to the
larger bandgap of GaAs [26]. These low turn-on voltages allow the logic gates to operate at
high speed from a supply voltage of from 3V (for InGaAs/InP) to 5V (for AlGaAs/GaAs),
corresponding to a power dissipation of 4 to 8mW per pixel assuming ;s = ImA. If we
assume the maximum thermal power that can be dissipated by a chip is 1W/cm? as is typical
for silicon VLSI circuits using passive cooling, then the maximum pixel packing density (p) is
between 150 and 250cm—? for the noncascode circuit, and between 100 and 170cm =2 for the
cascode case, as shown in Fig. 11. Although a large collector current swing will increase the
bandwidth as described above, the pixel packing density decreases rapidly with the increase

in current. Arrays with pixel densities such as these are known as a “medium grained”.

6 Temperature Sensitivity

The major source of thermal sensitivity in optoelectronic logic gates comes from the tem-
perature dependence of the threshold current of the laser diode, which is described by the

empirical expression

In(T) = Liezp(T/T,) (17
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where Ty is a characteristic ‘temperature associated with the laser material and device de-
sign. Under cw operation at room temperature, the power dissipated by the laser will raise
the temperature, and thus the threshold current. To maintain constant output power, more
laser current is required, thus increasing the temperature still further. Typical values of To
are 120K and 200K for double heterostructure (DH) and multiple quantum well (MQW)
GaAs/AlGaAs lasers operating at A = 0.8um, respectively, and 50-70K for both bulk-active
DH and MQW InGaAsP/InP lasers operating in the wavelength range of A = 1.3 — 1.55um.
Recent progress has increased T, close to 100K in strained quantum lasers[15]. Assum-
ing a laser diode with a Ty = 70K has a threshold I;, = 1mA at T = 293K, then the
maximum temperature of the system determines the threshold current, which in turn gives
the maximum possible pixel packing density. This is calculated in Fig. 12. We can see
that as the system temperature rises, the maximum allowed pixel packing density decreases
rapidly. With Ty, = 150K, the dependence of pixel packing density on temperature is less
than for To = 7T0K. Thus, higher Tj reduces the temperature sensitivity of optoelectronic

logic circuits.

7 Sensitivity to Variations in Laser Threshold Cur-
rent

In a system with large arrays, variations in laser threshold current from pixel to pixel need
to be small in order to switch the lasers with the same input ligl t intensity. However, in
practical arrays, the laser threshold current will differ from pixel to pixel due to variations in
device fabrication, operating environment (temperature, etc.), and other changes in system
or device characteristics. The immediate effect of a variation in laser threshold current is

a variation of optoelectronic gain, G, from pixel to pixel. The variation of G limits the
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maximum fanout, F, given the relationship between G and F in Eq. (9). Thus the input
power to the second stage in a cascaded network will deviate from the desired level. This

deviation at the input can cause, in the worst case, a failure of the second stage.

The variation of laser threshold current can be expressed by Aly/lio = [l —
Iino]/ Itno. Figure 13 shows the effect of threshold current fluctuations (given by Alwn/Iino)
on the optoelectronic gain of the logic gate for different slope efficiencies of the laser diode.
We can see that a 10% fluctuation of I, can change G and F by a factor of 2 to 3. The
effect of variation of slope efficiency also changes G and F proportionally as shown by Fig.
13. These results suggest tight control of device variation during fabrication is necessary for

consistent system performance of optoelectronic-based logic pixels.

8 <Conclusions

We have analyzed an optoelectronic NOR gate for the purpose of comparing different smart
pixel technologies. Our results show that smart pixels based on optoelectronic circuits
can have a typical optical sensitivity of —35dBm at bit rates greater than 1Gb/s and at
BER= 10"!?, which leaves a detector margin of 15dB for the minimurm required input power
per logic gate. Bandwidths of such gates exceed 1GHz for transistor collector currents in
the several milliampere range. Also the bandwidth does not strongly depend on the area
of the photodiode, which is advantageous for improving the optical coupling efficiency by
using a photodetector with a large photosensitive area. Switching energies of tens of fem-
tojoules at 1GHz bandwidth are possible using submilliampere threshold, high efficiency
laser diodes. Pixel packing density is ultimately limited by thermal dissipation to a value

of ~ 200/cm? for a total chip power dissipation of 1W/cm?, although the packing density

19




can be increased at bandwidths below 1GHz. The temperature dependence of the laser
threshold causes moderate temperature sensitivity of the logic gates. Furthermore we note
that optoelectronic logic gates are insensitive to wavelength since the photodetector spectral
sensitivity is extremely broad. Hence, as the temperature of the pixel array varies (due to
power dissipation or environmental fluctuations), the laser emission wavelength will shift,
although this will have negligible effect on the overall system performance (if we ignore dif-
ficulties and constraints which this shift imposes on the interstage interconnection optics).
This insensitivivy to wavelength is advantageous as compared with SEED-based logic gates
which require operation near the semiconductor band edge. As will be shown in the subse-
quent paper, this operation near the band edge imposes a serious limitation to SEED-based
array stability with temperature. We will present the analysis of SEED-based smart pixel

technology and compare these two different approaches in Paper II.

Finally, although this point will be discussed in greater depth in Paper II, a figure
of merit useful for characterizing 2D pixel arrays is the information flux density, F = Afp.
That is, F represents the maximum data capacity of a system consisting of such smart pixel
arrays. From the above discussion, we see that for optoelectronic gates at Af = 1GHz,
p is approximately 200/cm? at a chip power dissipation of 1W/cm?. This results in F ~
200GHz/cm? (which is proportaional to chip power dissipation), which is roughly one to

two orders of magnitude higher than calculated for SEED-based pixels arrays (see Paper II).
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Appendix: Bandwidth Calculation

The frequency response of a wideband integrated circuit can be analyzed by deriving
the transfer function for the small-signal equivalent of the circuit. If the transfer function
contains only poles and no zeros, and if there exists a dominant pole, the gain magnitude

can then be given by [23] :

AGw)) ~ B,
V1i+ (w/p1)?

where w is the angular frequency, A(jw) is the frequency-dependent small signal voltage

(18)

transfer function, K is the constant low frequency gain, and p; is the dominant pole of
A(jw). When w = |p,|, the gain magnitude decreases to —3dB of its low frequency value.

Therefore, the bandwidth (3dE) is given by:

Af = wap/(27) = |py|/(27) = 1/(27by), (19)

where b, is a time constant.

To calculate the dominant pole of the circuits shown in Fig. 2 (a) and (b), we apply
zero-value time constant analysis [23] to their equivalent circuits shown in Fig. 3 (a) and
(b). For Fig. 3(a), in the case of single-stage amplifier, we first evaluate the driving-point
resistance at each.capacitance node pair with all capacitances put equal to zero. This is

given by:
Rao = Rp || (ro + 72), (20)
Similarly, we can obtain Ry at the Cy node pair:

Ry =7« || (rs + RB); (21)

21




and R, at the C,,0 node pair:
Ry = Reo + R || Ria + gm Rro(RL || Rua), (22)
The zero-value time constant is then given by:
by = R4o(Ca + C,) + ReoCr + RuoC. (23)

Using Eq. (17), the bandwidth of the gate is obtained as:

1

Af = S TRn(Cat C) 1 RaeC + RiaCl'

(24)

In our particular case, Rg >> rr > 14 and rx > (R || Ria), which gives Ry =~ 1, =~ Ryo,
and R0 =~ rx[l + gm(RL || Ria)]- Thus the bandwidth is given by:

1 .
T 2rr(Ca+ C, + Cr + Cuy)’

Af (25)

where Oy = C,[1 + gm(Ry || Rig)]. This result can also be obtained by using the Miller

approximation.

For the case of cascode configuration as shown by Fig. 2b, its equivalent circuit is
shown by Fig. 3b. Now there are two more capacitors, Cr3 and C,a, due to the addition
of the common-base transistor. Using zero-value time constant analysis, the driving-point

resistance at each capacitance node pair is evaluated assuming the the transistors are iden-

tical:
Ry = Rp || (1o + 1) (26)
Reor = 7« || (s + Rb) (27)
Ruo1 = Ry + Riz + gm Ryo1 Ria (28)
R0z = e || (1/9m) (29)
Ruos = 1o + (Ry || Rua) (30)
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where R;3 = [1/gm + /(8 + 1)]. The bandwidth is then given by:

1

Af = .
f 27 [Rao(Ca + Cs) + Ry01Cr1 + Ruo1Crt + Ry03Cr3 + Ryu03Clal

(31)

Using Eq. (22) and (29), we calculated the bandwidth of the circuit for both the single-stage
and cthe cascode cases, as shown in Fig. 6. We can see that at high collector current, the
cascode circuit shows improved bandwidth. If high bandwidth is of ultimate importance,

cascode designs should be used at the cost of increased drive current and power dissipation.
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Figure Captions

Figure 1: Schematic optical interconnection and information processing systems

using source (2) or modulator (b).

Figure 2: Schematic circuit diagrams of an optoelectronic NOR gate with (a) single-

stage amplifier; (b) cascode.

Figure 3: Small-signal equivalent circuits of the optoelectronic NOR gates in Fig. 2:
(a) single-stage amplifier; (b) cascode.
Figure 4: Receiver sensitivity (P) as a function of system hit rate (B) for two

different collector currents (I.). Note the gate dynamic range (D. R.) for I, = 1lmA is

~ 15dB at B = 1Gb/s.

Figure 5: Fanout (F') of the optoelectronic NOR gate as a function of HBT current

gain (B) for three values of coupling efficiency (7).

Figure 6: Bandwidth (Af) of the optoelectronic NOR gate as a function of collector
current (I.) of the HBT. The solid curves correspond to single-stage amplifiers (as in Fig.

2a) and the dashed curves for cascode circuits (Fig. 2b).

Figure 7 : Fanout (F) of the optoelectronic NOR gate as a function of bandwidth
(Af) assuming the p-i-n diode area is 20 x 20pm?. The solid curve corresponds to I. = ImA

and dashed curve to I. = 10mA.

Figure 8: The effect of p-i-n photodiode diameter on bandwidth (Af) plotted for
three values of HBT current gain (8) of the optoelectronic NOR gate, assuming the collector
current is 1mA. The solid curve corresponds to the noncascode circuit, and the dashed curve

to the cascode circuit.
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Figure 9: Logic gate switching energy (E,,) as a function of the bandwidth (Af)

for three values of HBT current gain (3).

Figure 10: Power dissipation (FPy;) of the optoelectronic NOR gate as a function
of laser threshold current (I4) for a given power supply voltage (V..). Typically, Py >~
SmW for Iy, = lmA, representing a practical minimum power dissipation anticipated for
optoeletronic-based bipolar smart pixels. The solid curve corresponds to the noncascode

circuit, and the dashed curve to the cascode circuit.

Figure 11: Pixel packing density (p) of the optoelectronic NOR gate as a function
of the laser threshold current ([i4) assuming the maximum total thermal power density that

2

can be dissipated by a chip is 1W/em?®. The solid curve corresponds to the noncascode

circuit, and the dashed curve to the cascode circuit.

Figure 12: Effects of system temperature on the pixel packing density of opto-
electronic NOR gates assuming Iip = 1mA at T = 293K. The solid curves correspond to
To = 70K (typical of InP-based technology) and the dashed curves correspond to Ty = 150K
(typical of GaAs-based OEIC gates).

Figure 13: Effects of variations of laser threshold current and slope efficiency on the

optoelectronic gain, G, assuming Jipo = 1lmA.
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Table 1 Parameters of the Optoelectronic NOR Gate

Capacitance of p-i-n diode Cd 40 fF
(20pmx20um)

Stray capacitance Cs 40 fF
Base-emitter Cr 100 {F
capacitance{Sumx5um)

Base-collector junction Cy 5fF
capacitance(Sumx5umx0.5um)

Miller capacitance Cm Coc(1+gmRL||Rig)
Current gain Bo 100
Transconductance dm ql/kT
Dynamic base-emitter resistance lbe Bo/Gm
p-i-n bias resistance Rs 20 kQ
Combined load resistance RplIRid 50 Q
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Department of Electrical Engineering
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Abstract

In Paper I we discussed the optoelectronic approach to the implementation of
smart pixels for optical interconnection and optical computing systems. In this
second paper, a similar analysis is done for SEED-based technologies. The tech-
nologies investigated include the syinmetric SEED(S-SEED), asymmetric Fabry-
Perot (ASFP) SEED, shallow quantum well SEED, and FET-SEED. Of these
technologies, it is found that FET-TEED (whose structure is closely similar to
optoelectronic logic gates) has the highest sensitivity and operates at the high-
est bandwidth. We then compare the advantages and limitations of the two
approaches considering such system performance issues as the maximum infor-
mation flux density, temperature sensitivity, and optical coupling efficiency. We

conclude that the optoelectronic approach is useful in applications which require




high bandwidth (> 1GHz), complex logic functions, and moderate pixel density,
while the SEED-based approach is more suitable to high density interconnec-
tions used at moderate bandwidths (< 100M Hz). Furthermore, the maximum
information flux density of 2D optoelectronic and FET-SEED logic gates is ap-
proximately 200G H z/cm?, which is from one to two orders of magnitude larger

than for other SEED-based array technologies.




Implementations of Smart Pixels for Optoelectronic
Processors and Interconnection Systems.

II. SEED-based Technology and Comparison with
Optoelectronic Gates

Song Yu and Stephen R. Forrest
Advanced Technology Center for
Photonics and Optoelectronic Materials (ATC/POEM)
Department of Electrical Engineering
Princeton University
Princeton, NJ 08544

1 Introduction

As discussed in Paper I, the implementation of smart pixels for optical interconnectiorn and
optical computi_g systems can be categorized into two groups. One group uses laser diodes
driven by a modulated input photocurrent, and is represented by optoelectronic logic circuits
which were analyzed in Paper I. The other group uses light intensity modulators and are

represented by SEED-based technology [1], which will be discussed here.

The operation of self-electro-optic effect devices (SEEDs) is based on the intensity
dependent nonlinear absorption change of a multiple quantum well structure due to the
quantumn confined Stark effect[2]. Currently SEEDs are based either on GaAs/AlGaAs or
InP/InGaAs materials. In this paper we will concentrate on the GaAs/AlGaAs materials, but

the discussion is also applicable to InGaAs/InP-based SEEDs. The most heavily investigated




device consists of a pair of SEEDs connected in series, known as a symmetric SEED (or $-
SEED)[3]. The S-SEED has the advantages of having differential optical inputs and outputs
which are relatively immune from device structural variations, and does not require critical
biasing [3]. Another advantage of the S-SEED arises from its simple device structure. For
the optoelectronic NOR gate that we have discussed in Paper I, the integration of a laser
diode with two p-i-n photodiodes and two HBTs is an extremely complex task as compared
to the integration of S-SEEDs which consist of only two identical p-i-n diodes. For this
reason, S-SEED-based large scale systems have already been implemented {4-6), whereas
the similar systems have yet to be demonstrated using optoelectronic integrated circuits
(OEIC) logic gates. Although 4x4, 32x16, 64x32 {4-6] S-SEED based interconnection array
schemes have been implemented, their performance still falls short of what has been achieved
using all-electronic switching fabrics. One purpose of this analysis will be to determine the

fundamental limitations confronting SEED-based technologies.

In addition to the S-SEED, there are other similar device structures with improved
characteristics. Among these are the extremely shallow quantum well S-SEED {7] which can
reduce the so-called exciton saturation effect(8], and the asymmetric Fabry-Perot (ASFP)
SEED[9] which has a high on-off contrast ratio. The most recent research on SEED-based
smart pixels has included combining transistors with SEEDs, such as the FET-SEED{10},
and the logic SEED (L-SEED)({11]. These latter devices represent attempts to improve
the switching speed and/or functionality of the S-SEED while achieving compatibility with
existing integrated electronics. The characteristics of all of these structures will be discussed

below.

The paper is organized as follows: in Section 2, we explain how S-SEED NOR gates




function. In Section 3, we analyze the noise sources governing the operation of the SEED-
based logic gate. In Section 4, gain, bandwidth, and switching energy issues are discussed,
while Section 5 deals with power dissipation and pixel packing density. Temperature sen-
sitivity of SEED-based logic gates is discussed in Section 6. In Section 7, we compare the
optoelectronic approach with SEED-based approaches from an interconnection/processing

perspective. Finally, in Section 8, we present conclusions for the overall smart pixel study.

2 S-SEED NOR Gates

Typical optical responsivity and transmission data (at low light intensity) for a SEED as a
function of reverse bias voltage are shown in Fig. 1 [12]. When the bias is zero, the exciton
absorption is at a maximum. Thus, the responsivity, defined as the photocurrent generated
per unit optical input power, is also at a maximum (Fig. 1a) while the transmission of the
SEED is at a minimum (Fig. 1b). As the reverse bias increases, the exciton absorption peak
shifts to shorter wavelength such that the responsivity decreases and the optical transmission
increases. Thus, the light intensity is modulated by changing the electric field across the

SEED.

A two-stage cascaded S-SEED is shown in Fig. 2 [12]. The two diodes of a S-SEED
are electrically connected in series and placed under reverse bias. The state of the S-SEED is
set by two input beams of different power such that most of the supply voltage drops across
one diode (which has the smaller illumination intensity) while the voltage across the second
device remains small. Consequently, the diode which drops only a small voltage absorbs
more light than the highly biased device such that the optical outputs of the two diodes

are complementary. For example, the logical “0” of the S-SEED gate is defined as the state




where the output of the upper diode is less than the output of the lower diode, while the
logical “1” is the contrary state. If ‘e S-SEED is preset to “0”, it will not change its state
to “1” unless both of the two input S-SEEDs are “0”, and hence the S-SEED functions as a
NOR gate. After the logic state of the S-SEED has been set, two reading (or clock) beams
of equal power (P, ) are incident on the two SEEDs, and the resulting outputs serve as the
inputs to the next S-SEED stage in a free-space, cascaded 2D intercrunect configuration
(12]. Thus, S-SEED logic gates are differential: i.e. it is the difference between the two
input beams that switches the the state of the logic gate. The “0” inputs to a S-SEED are

the outputs from the S-SEEDs of the previous stage, which are given by [12]:

Py = 1.T(0)Pus/F, (1)
and

Pz = 1T (Vo) P/ F, (2)

where V, is the supply voltage, T(0) (“off”) and T(V;) (“on”) are the optical transmission
coefficients of the upper and lerr diodes, respectively, F > 1 is the fanout defined as the
maximum number of pixels in an array that can be switched by the output from a single pixel
in the preceding stage, and 7. is the optical coupling efficiency between the two cascaded
stages of S-SEED arrays. Applying Kirchoff’s current law to the S-SEED, the transient

equation for the voltage at the node between the two diodes, V;(2), is {12]:

dVa(t)

Crot—

= 5(Vo — V2)Pim1 — S(V2)Pin2, (3)

where §(Vo — V2) and S(V;,) are the voltage-dependent responsivities, and Ci is the total

capacitance of the two diodes. The switching time is obtained by integrating Eq.(3) over the




voltage V; from V; = ¥, (“0”) to V2 =0 (“17) [12]:

0 Ctot

At =
Vo S(VO - V2)Rnl - S(V'z)sz

dva, (4)

Substituting Piny and Pinz into the above equation from Eq.(1) and Eq. (2), we obtain:

Ctot F Vo 1

At =
T(0)nePui Jo S(VQ)CR - S(Vo - V2)

CAZY (5)

where CR = T(V,)/T(0) is the contrast ratio between the “on” and “off” diodes. Further

discussion of the switching time and its effect on system performance is presented in Sec. 4.

3 Noise Analysis

In a S-SEED logic gate, the two MQW p-i-n diodes function as both light modulators and
photodetectors. Ideally, the switching process occurs whenever the ratio of the power of
the two input beams becomes large enough to make the photocurrent in one diode exceed
that in the other. Practically, there is a “decision level” determined by the difference of the
two input powers which change the state of the S-SEED logic gate. Using Eq. (3) and (4)
along with the data in Figure 1, and assuming that the voltage supply is V5 = 20V and the
transmission coefficients are T'(0) = 0.135 and T(V;) = 0.60, we can calculate the switching
transient of a S-SEED. The changes of the transmission coeflicients for the two diodes of the
S-SEED during switching at different input power levels are shown in Fig. 3. Note that at
the point where the transmission coefficients (or equivalently, the photocurrents) of the two
diodes are equal, the state of the S-SEED is changed[13]. The photocurrent corresponding
to this point is then defined as the decision level, D. If the bit rate (B) -allowed time frame,
2At = 1/B ~ 1/2Af (where Af is the bandwidth), is too .short for a given input power,

then the transmission levels of the two devices are too close to I, such that a switching error
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occurs. The power levels of the two input beams affect how fast the S-SEED will switch,
whereas the ratio of the two input powers (or the contrast ratio in a cascaded system),
determines whether the S-SEED will switch within a given time slot. Note that the factor
of two in the relationship between At and B results since two time slots are required to
both set and then to read its state. This two-step process is sometimes referred to as “time
sequential gain” [1] since the reading power (P.i) can be made larger than the switching

power (P;,) to make up for losses between stages.

Since the optical power level typically ranges from microwatts to milliwatts, we can
assume that Gaussian statistics apply. Hence the probability of a switching error occurring
in a given time slot, At, is given by [14]

1 e 92

where

Q= 3 (7)

Here D is the photocurrent at the decision level, s; is the photocurrent generated when the
SEED is either at T(V;) or T(0), and o; is the standard deviation of photocurrent at T'(0) or
T(Vs). For a given bit error rate to be achieved by a S-SEED logic gate, a certaip value of @
is required. For example, if p(E) = 1071?, which is desirable in many applications in optical
information processing, then @ = 7. This implies that the difference between T'(0) and T'(V;)
must be > 140; (where at low power levels, the responsivtity is inversely proportional to the

transmission coefficient).

Since the photocurrent of the SEED is due to the absorption of photons, o; can be




represented by the noise current generated in the device:
ol =<il>, (8)

where < ig > is the quantum noise associated with photon absorption and subsequent exciton
recombination. Assume that the average number of photons absorbed by the SEED during

time slot At is Np, which is given by:

No = (Po + Poa)S(Vo)At /g = LC2F 1)1’2"‘5?;(%)1’5&1;5) "

where At = 1/2B, and P,y and Pinp are given by Egs. (1) and (2), respectively. Since the

quantum noise is the standard deviation of the input signal, then < i2 > is given by:

<2 >= [29/NoB]” = [4qy/ Mol fI* = 2¢B(CR + 1)T(0)S(Vo) Puxe / F, (10)

where /Ny is the standard deviation of No. Thus, < 22 > is simply equal to the shot noise
current generated in the SEED under illumination. The minimum input po;aver required for

determining the logic state of the S-SEED at a given BER is [14]:

_,CR+1. Q
Pmin“(Cle)S(Vo)

<il >, (11)

That is, Pmin depends on the output power of the previous stage decreased by the losses
between stages (= PuxT(V)n./F). Figure 4 shows Ppin vs B with BER = 1072, for a
typical S-SEED, where CR is between 2 and 4 and the traﬁsmission coefficient of the “off”
diode is T(0) = 0.15. The shaded area indicates the bit rate cutoff region in which the
required BER can not be achieved. We can see that for low P, (corresponding to a low
Prin), the cutoff of B (Be) is also low. To increase Be,, high P is required, which also
_ leads to an increase of Pmin. Thus, noise performance must be traded with bit rate ir a

particular system implementation. This result shows that the noise-limited performance of

9




S-SEED logic gates are poorer than that of optoelectronic logic gates (see Par' |) due to the
presence of large input power required for the operation of S-SEED logic gates. Note that
since the output of one stage (Pux) is the input which must be detected at the second stage
of cascaded arrays, we can define the ratio, Pin/Pmin, as the logic gate detection margin.
From Fig. 4, we see that for a S-SEED operating at 100Mb/s, the minimum input power is
Py, = P T(0) = 500uW x 0.15 = 75uW and Pnin =~ 2uW. Hence, the detection margin,
Pi,/ Prin, is about 15dB which is comparable to that of optoelectronic NOR gates operating
at 1Gb/s. This suggests that the optoelectronic logic gates have improved noise performance
at high bit rates, although in neither case is the detection margin unacceptably small (i.e.

< 10dB).

To improve the noise performance of the S-SEED, T(0) should be minimized for a
given contrast ratio. The role of contrast ratio is not obvious since it can be increased either
by increasing the transmission coefficient of the “on” diode, or by decreasing that of the “off”
diode. Since the ASFP S-SEED has a T(0) that is very small and the photocurrent is mostly
due to PgxT (Vo) while the input power of the logical “1” remains high due to the finite

T(V,), we can expect that the ASFP S-SEED has somewhat improved noise performance.

For the FET SEED the noise performance analysis is similar to that used for the
optoelectronic NOR gate employing a p-i-n photodiode and HBT circuit. Therefore, the
noise current of FET-SEED is given by(14}:

(21['0;)

9m

<ilg> [ (1+—-—)+2qI]IgB+4kTI‘ T2 1,BY, (12)

where R is the bias resistance for the SEED that functions as a photodetector, I, is the gate
leakage current, I is a numerical factor which is about 1.1 for GaAs FETs, and C, is the sum

of the SEED, stray, gate-source and gate-drain capacitances. At the input of FET-SEED
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logic gates, the SEED functions as a p-i-n photodiode. We expect the noise performance of
FET-SEED therefore, to be similar to that of optoelectronic logic gates. Figure 5 compares
the minimum time-average detectable input power Pp, of the S-SEED, ASFP S-SEED,
and FET-SEED vs B using Pux = 500uW for 2 BER of 1072 along with the parameters
listed in Table 1. We see that Pp,, of the FET-SEED is lowest among the three different
device structures. The cutoff of bit rates of the S-SEED and the ASFP SEED following the

treatment in Fig. 4 are also shown in the plot.

In summary, for the S-SEED logic gate to operate at high switching speeds, a high
reading beam power (Pu) is required (Eq. (5)), which increases Ppn proportionally ac-
cording to Fig. 4. As in the case of optoelectronic gates, low input power results in high
sensitivity, but only at low bit rates. Device structures incorporating transistors such as the

FET-SEED are preferred to improve the noise performance of SEED-based logic gates.

4 Bandwidth and Switching Energy

The switching speed of a S-SEED logic gate is set by the time it takes to charge the capac-
itance of the reverse biased MQW p-i-n diodes, which is given by Eq. (5). The switching
time of the NOR gate is inversely proportional to the input signal power, or, as in cascaded
S-SEEDs, the power of the reading beam, P.. This suggests that high optical power is
required to achieve high speed switching. Since the capacitance of the SEED scales with its
area, reducing the device area thereby proportionately increases the switching speed. How-
ever, small device area gives rise to optical alignment problems as well as to junction heating
for high power input. Note that from Eq. (5), a high contrast ratio reduces the switching

time. Thus Fabry-Perot structures such as the ASFP-SEED are favored for their high con-
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trast ratio. The voltage for reverse biasing the SEEDs (V;) should be as low as possible to

minimize the switching time while it must be large enough to induce a sufficiently large CR.

To evaluate switching speed, detailed responsivity data of the SEED as a function
of input power and operating wavelength are required. For our calculations, we use experi-
mental data from references |7}, [12], and [15] for extremely shallow quantum well S-SEEDs,
conventional S-SEEDs, and ASFP S-SEEDs, respectively. Figure 6 shows the bit rate vs Py,
for various device structures. All the parameters used can be found in Table 1 which lists
recent experimental results for the S-SEED, ASFP-SEED, and FET-SEED. In all cases, the
device area is normalized to 5 x 5um?. The calculated results are one to two orders higher
than the experimental results reported by Lentine, et al[12]. There are several possible ex-
planations for the relatively poor experimental performance of SEED-based devices. For
example, at high input powers necessary to drive the SEED at high bandwidth, the exciton
saturation effect decreases the responsivity of the SEED(8]. In this case, the switching speed
is no longer linearly proportional to the input power. Figure 7 shows the observed degra-
dation of contrast ratio as input power increases. Assuming that the degradatioﬁ is linear,
the slope is ~ 3.5/mW for conventional SEEDs and ~ 2/mW for shallow QW SEEDs. The
effect of this power dependent contrast ratio on the bit rate is shown by the dashed curves in
Figure 6. It is apparent that the bit rate decreases by factor of 2 to 4 at high powers when

the exciton saturation effect is included.

The exciton saturation effect not only degrades the contrast ratio, but also resultsin a
decrease in responsivity [8]. A decrease of responsivity leads to a reduction in photocurrent,
which, in turn results in a longer capacitance charging time. In fact, recent experimental

results [12] show a bit rate of 12.5Mb/s for 5 x 5um? S-SEED at Py = 500uW, which is
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more than one order of magnitude lower than the calculated result in Fig. 6. Therefore, we
may reasonably expect the maximum bit rate of S-SEED logic gates will be less than our
calculated (ideal) value by a factor of § — 10, and hence SEED-based arrays will be limited
to B < 100Mb/s. Note, however, that the capacitance effects are not sufficient to explain
the difference between calculation and experiment. SEED heat:..z is an additional factor

which contributes, as will be discussed in Sec. 6.

For the case of the FET-SEED or other combinations of transistors and SEEDs, the
switching time is determined by the RC time constant of the input stage where the SEED
performs as a photodiode. Thus the bit rate or bandwidth of FET-SEEDs can be evaluated

in a fashion similar to that of optoelectronic logic gates as discussed in Paper I.

In principle, the minimum switching energy of a S-SEED logic gate is determined by

the optical energy needed to generate the charge for switching the logic state of the device[l]:

B = e’—;‘iA £, (13)

Here € is the dielectric constant of the material, A the device area, and £ the electric field.
Alternatively, the switching energy can be given by the product of input power and switching

time:
an = (P:'nl + Pin2)At/2: (14)

where Pi,1, Pin3, and At are given by Egs. (1), (2), and (5) respectively. Fig. 8 shows E,,, is
plotted versus bit rate. Using the parameters given in Table 1, V; = 19V and A = 5x 10um?,
Eq.(14) gives a switching energy of 200fJ. This is compared with the experimental result, in
which the switching energy of the same S-SEED is about 2.5pJ[12]. The order of discrepency

is consistent with the discrepency between the calculated and the experimental values of the
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bit rate, and hence is attributed to exciton saturation and parasitic capcitance effects which

are not included in these simple expressions.

5 Power Dissipatioin and Pixel Packing Density

In a S-SEED logic gate, power dissipation arises from the photocurrent flowing in the two
series p-i-n diodes and the external bias circuit. Assume that a S-SEED is being switched
from the “0” state to the “1” state. Then, the reverse-biased voltage drop across the upper
diode will increase from approximately 0 to V,, while the lower diode voltage decreases by

the same amount. Thus the power dissipated during switching is given by
Vo 0
P, = /0 LmdVi + /V LaadVs. (15)
[}

where the photocurrents are changing during switching, and are given by the product of input
signal power and the responsivity. Since the responsivities of the t.co diodes are assumed to

be identical, P, can be written as
Vo
P, = (Piny + Pin2) /O S(V)dv. (16)

During the reading of the state of the S-SEED, the power dissipation is given by the constant

photocurrent generated by the clock beam:
Pr = ph(Vl + V2) = Iph% = Pdks(%)% (17)
Therefore the average power dissipation for the S-SEED is given by
1 1 Vo
Py = §(P. +P)= 5[(}’;"1 + an)/(; S(V)dV + ParS(Vo)Vol. (18)

In a cascaded circuit, the input signals are determined from the output powers of the previous

stage as expressed in Eq.(1) and Eq. (2). For a S-SEED operated under low voltage (~ 5V),
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the power dissipation can be as low as 100uW for a 5 x 5urn? device operated at 100Mb/s.
Assuming that the maximum power that can be removed from a pixel array using passive
cooling is < 1W/cm?, the pixel packing density vs bit rate for various device structures is
shown in Fig. 9. The pixel packing density of the ASFP S-SEED and the shallow quantum
QW S-SEED are predicted to be 10*/cm? at a bit rate of 100Mb/s. At higher bit rates,
higher power input is necessary, and additional input power is consumed to overcome the
exciton saturation effect. In this case, the pixel packing density drops more rapidly, as is
also shown in Fig. 9. Thus we may expect the power dissipation of S-SEEDs to approach

. that of optoelectronic logic gates at the highest attainable bandwidths (> 100Mb/s).

Other limiting factors to the pixel packing density include geometrical and optical
restrictions. For SEEDs with an area of 5um x 5um, a S-SEED logic gate would have a
minimum linear dimension of approximately 20um assuming the space between devices is
on the order of the device size. This results in a maximum pixel density of 2.5 x 10%cm™2.
Thus, at low bit rates, this geometrical restriction should limit the pixel packing density.
The complexity of optics required for the operation of the S-SEED may also impose a limit

on the maximum pixel packing density (see below).

6 Temperature Sensitivity

The thermal sensitivity of S-SEEDs arises from the nature of the narrow, exciton absorp-
tion peak. In order to obtain a high contrast ratio, a narrow zero-biased exciton peak in
the absorption spectrum is desirable. This, in turn, requires an input with its wavelength
precisely tuned to the absorption peak that has a width of only a few nanometers. As tem-

perature fluctuates, the exciton absorption peak deviates from its original wavelength due to
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the temperature dependence of the bandgap energy. For GaAs, the temperature dependence
of bandgap energy &, is given empirically by[16]

5.8 x 107472

T + 300 (19)

£,(T) = 1.522 —

where £, is in eV and the temperature, T, is in Kelvin, with a similar equation for InP-
based materials. This relation gives d€,;/dT = 0.4meV/K or dA/dT = 0.25nm/K for A =
850nm at room temperature. This temperature sensitivity is shown by the contrast ratio vs
temperature curve in Fig. 10, which is calculated using data from references 7] and [9]. We
see that the contrast ratio of a ASFP SEED decreases by a factor of 10 as the temperature
changes by £5K. Thus, if the system temperature is changed, the contrast ratio of the
ASFP SEED will drastically decrease. With constant input power, the switching time of
the S-SEEDs will also be substantially increased (c.f. Eq. (5)), which in turn will increase
the bit error rate. To avoid this effect, it is necessary to stabilize the temperature of ASFP
SEEDs to within ~ 1K. On the other hand, S-SEEDs are less temperature sensitive due to

their smaller contrast ratio.

Since the high speed operation of S-SEEDs demands that high incident optical power
be focussed on a rather small device area, the high intensity of the light will inevitably result
in device heating which will, in turn, lead to variations of bandgap{17]. The steady-state
temperature rise of the SEED relative to the ambient is proportional to the heat generation

rate in the SEED:
AT = RrPy/2, (20)

where P4/2 is the total power dissipated by a single SEED as given by Eq. (18), and Rr is

16
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the thermal resistance which is given by [18]:

)+ —. (21)

Here, A is the SEED area, d is the thickness of the SEED mesa, and x is the thermal
conductivity of the material. The first term of Eq. (21) is due to the thermal resistance
of the mesa, whereas the last term is the thermal resistance of the semi-infinite substrate.
‘The results of Eq. (20) are shown by Fig. 11 for d = 1um, k(GaAs) = 0.44W/cmK, and
A = 25um?. We see that the temperature rise of the SEED during a reading pulse can be
several degrees, which will shift the exciton absorption peak and degrade the contrast ratio
of the SEED. That is, a 50% decrease of CR occurs if the device temperature increases by

only 2 to 3 K.

While Eq. (20) is for the steady-state case, it is also important under high bandwidth
(and therefore high power) conditions to examine the SEED thermal transient response. In
this case, the rate of temperature change, dT'/dt, is proportional to Py/mC,, where m is the
mass of the SEED, and C, is the specific heat of the material. Assuming that at ¢ = 0 light
input switches off in a step-wise manner, the thermal transient equation for t > 0 is then
given by:

A dT
'E—K,T <+ mC’,,—at— = 0. (22)

This results in a characteristic thermal time constant of:

mdC,
Ax

Tr = . (23)

Here, 77 = 10-%sec for GaAs, where C, = 0.32J/9 — K, m = §dA, with the density

6 = 5.32g/cm?® for GaAs. This implies that since the SEED switching time is shorter than
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Tr, the heat generated during a pulse will not be completely removed at high bandwidths.
Thus, the device temperature will increase and the contrast ratio will degrade. Another
issue is the effect of bit pattern on the thermal dissipation of SEEDs. Due to the long 7¢ of
the SEED, long pulses at the input of the SEED will cause the accumulation of heat on the

device, and will further cegrade its performance.

7 Comparison of Smart Pixel Technologies

7.1 Information Flux

The major potential advantages that optical interconnections have over their electrical coun-
terparts are the high bandwidth and parallelism of channels offered by optics. Although
various applications emphasize different device characteristics, the overall performance of a
system must be evaluated by iacluding both of these factors. Thus the maximum amount
of information flowing through the interconnection is the parameter which defines the total
capacity of the system. We define the “information flux” of an interconnection system as
the product of the bandwidth of each channel and the maximum allowed channel packing

density, viz:
F=Afp, (24)

where Af is the bandwidth, and p is the pixel packing density. Based on our calculations
and discussion in previous sections and in Paper I, F is plotted versus bandwidth and pixel
packing density in Figs. 12 and 13, respectively, assuming that the S-SEED device area is
5 x 5um? and the detector area in OEIC and FET-SEED gates is 10 x 10um?. As shown
in Fig. 12, cascode OEIC circuits offer the highest bandwidth of all the technologies. Such

bandwidths are required in some high performance systems, although the information flux
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density is not the highest attainable due to the additional power dissipation of cascode
circuit. For logic gates operated at low power, geometrical restrictions will physically limit
the maximum pixel packing density. This is shown in Fig. 12 by the linear decrease in F at
low bandwidth. For example, an optoelectronic NOR gate consisting of a laser diode output,
two photodiodes and a HBT circuit would have an approximate minimum linear dimension
of ~ 140um assuming the laser is a surface emitter with 20um total diameter, the p-i-n diode
diameter is 20um, and the HBTs are 10um on a side. Then the maximum pixel density is
geometrically limited to 5000cm ™%, which gives the cutoff line for the optoelectronic curve
in Fig. 13. Similarly, S-SEED logic gates with a feature size of S5um on 20um centers would

have a cutoff at ~ 10°5cm 2.

According to our analysis, the maximum information flux that can be achieved by the
optoelectronic approach is ~ 200GHz/cm?, where 1W/cm? is taken as the maximum chip
power dissipation allowed assuming passive cooling. With active cooling, power dissipations
of 10 — 100Wemr~—? can be achieved, in which case the maximum value for F can be 2 —
20T Hz/cm?. 1t is useful to compare this value of F to that which can be achieved using
competitive electronic (Si VLSI) technology. Although a direct comparison is difficult, we
can consider the following: with Si VLSI, transistor densities as high as 10°/chip are typical.
However, the 1/O density is given by the empirical relationship known as Rent’s Rule [19],

where:
1]0 = k(N,)"/e, (25)

where k and c are constants, and N, is the number of gates. For N, = 10* for 1em? chip,
k = 0.5, and ¢ = 1.8 typical of Si VLSI, we obtain I/O~ 10?¢m~?. This is compared with

the optical approach, where I[/O= N, can be obtained in some systems. Hence, given that Si
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VLSI bandwidths approach 200M Hz, we obtain an effective flux density of F= 20GH z/cm?,
which is one order of magnitude less than the OEIC result. Alternatively, if we do not
constrain our system limitations to the I/O density but rather to the number of gates, then
we obtain F= 1T Hz/cm?. In this comparison, the Si VLSI information flux density is 5 to
10 times larger than that of optoelectronic integrated circuits. However, conventional VLSI
circuits can not be operated at high bandwidth > 1GHz due to the crosstalk between the
metal wires used in integrated circuits. Optoelectronic circuits have greatly reduced crosstalk
between pixels at high bandwidth, particularly if optical powering of optoelectronics is used,
as has been shown in previous work [20]. Another advantage of using optics is that by
using photons as the information carrier, the requirement of impedance matching, which is

a critical limitation in conventional VLSI, can be lifted since photons are noninteractive.

It is clear that the optoelectronic and FET-SEED approaches have a higher F than
SEED-based technologies in the high bandwidth range although it offers only a medium-
grained pixel packing density of < 200/cm?. Since the the fundamental advantages of bring-
ing optics into large-scale switching and information processing system applications relies
on the need for both high bandwidth and parallelism, we have to make trade-offs between
these factors for optimal use in a specific application. For optical computing and information
processing which demand very high bandwidth, the optoelectronic approach provides a clear
advantage. Indeed, from Fig. 12 and Fig. 13 we see that optoelectronic gates provide an
information flux of one to two orders of magnitude higher than SEEDs at channel band-
widths exceeding 1GHz. On the other hand, due to the relaxed geometrical restrictions of

the SEEDs, their flux density is higher at Af < 10MHz=.

S-SEED logic gates suffer from the large voltage needed to sustain a usable contrast
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ratio, which leads to long switching time and high power dissipation. However, recently
demonstrated SEEDs require a supply voltage of only ~ 5V, which considerably decreases
the switching time and power dissipation [21]. Nevertheless, the exciton saturation effect
still remains the fundamental limit to the performance of SEED-based logic gates. Although
extremely shallow quantum well SEEDs have been employed to reduce the exciton saturation
effect, this device also causes the exciton bound state to be easily ionized at low field. This

causes the exciton absorption edge to broaden, thus limiting the contrast ratio.

As we have discussed above, a large contrast ratio is imp. *'~~t to maintain low
noise operation. A S-SEED with an ASFP structure usually can achieve high contrast
ratio, but also leads to high sensitivity to wavelength and temperature. Indeed, the nature
of exciton absorption leads to an inherent wavelength and temperature sensitivity of all
SEED-based devices which is absent in optoelectronic logic gates. The narrow Fabry-Perot
resonance peak of the ASFP SEED makes the device even more sensitive, as we demonstrated
above. Also, when high optical input power is applied to the photodetector, local substrate
heating will occur. For the optoelectronic case, th- effect is not serious because (1) the
logic gate has amplification and thus it does not require high power optical input; (2) the
p-i-n photodetector can have a large area to reduce the local input power density without
adversely affecting bandwidth; and (3) the wide spectral bandwidth of the photodetection
process is largely insensitive to the temperature change. As opposed to optoelectronic logic
gates, the SEED-based logic gates are (1) very sensitive to temperature changes due to the
narrow exciton absorption peak (d\/dT = 0.25nm/K); (2) the bandwidth is proportional to
the input power (except for FET-SEEDs), which is also degraded by the exciton saturation

effect; and (3) the area of the SEED strongly affects bandwidth.
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7.2 Optics and Coupling Efficiency

We now consider the constraints placed on the optics between neighboring stages of an optical
interconnection implemented using either optoelectronic or SEED technologies. Assuming
that refractive microlens arrays are used to focus the input beams onto the photodetectors
{22}, the major deviation of light from the targeted photodetectors arises from astigmatic
aberrations{22]. The diameter of the photodetector should therefore be larger than the
aberration in order to avoid crosstalk, and * - ensure high optical coupling efficiency. For the
optoelectronic logic gate, the area of the  -n diode can be made large without seriously
affecting the bandwidth of the circuit, as seen from Fig. 8 in Paper I. For example, the
bandwidth will drop from 2GHz to 1.5GH z (8 = 25) as the diameter of the p-i-n photodiode
increases from 5um to 15um. In a S-SEED logic gate, increasing the device area will decrease
the bandwidth proportionally. For example, if the diameter of the SEED is increased from
Sum to 15um, the capacitance will be multiplied by a factor of 9, hence resulting in a
concomitant reduction in the bandwidth. Furthermore, for the optoelectronic logic gates,
only two input and one output beams are required, while FET-SEEDs require three and S-
SEEDs require four I/O beams. In high density 2D smart pixel arrays, the implementation of
complicated optics is extremely demanding. Thus minimizing the number of optical beams
to be focused onto each pixel should improve the yield and lower the production costs of

complex 2D interconnection systems.

Another issue related to the coupling efficiency is the fanout of the logic gates. Funda-
mentally, the fanout is limited by the on-off contrast ratio of the logic gate. This results since

Pin(on) should always be greater than P,.(off) in order to maintain low noise operation.
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With Pin(on) = n.Pou(on)/F, we obtain the following condition:
CR = Pou(on)/Pow(off) > F/n.. (26)

Thus, CR imposes a limit on the maximum value of F. For optoelectronic logic gates, CR
can be as high as 10 to 1000, thus allowing for a large fanout between stages. For simple
S-SEED and FET-SEED logic gates, C R usually is about 2 to 4, hence F > 1 is not easy to
achieve if the coupling efficiency is low. This problem can be alleviated by employing ASFP

SEED structures to improve the contrast ratio.

As defined in Paper I, the fanout of cascaded logic gates is F = n.G. Hence, as the
coupling efficiency between stages decreases, the gain (and therefore the power dissipation)
must be increased. Note that 7. depends on the lens loss and misalignment when coupling
the light into the device. In order to maintain a high 7., the area of the SEED should
be large enough to fully cover the input beam spot. For example, assuming that the spot
diameter of the input beam is 1uym and is perfectly centered on a 5um-diameter SEED, if
the collimating lens has a focal length of 10mm, it takes a positional drift of only 0.02 degree
for the incident light to move completely out of the area of SEED. For a 20um-diameter
SEED, it takes a 0.06-degree-drift. This estimation and detailed analysis hy McCormick, et
al. [23] show that the alignment tolerance is extremely tight. Thus small area SEEDs still
need a high-power reading beam to compensate for coupling and fanout losses. However, the
maximum instantaneous P, that can be applied is limited by the exciton saturation effect
(8] and the temperature sensitivity of the SEED, which is due to substrate heating at high

input powers.

For large scale integration, the non-uniformity of device characteristics will seriously

impair system performance. Very often, the non-uniformity can not be easily corrected dur-
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ing the fabrication process. For OEIC based circuits, the non-uniformity mainly comes from
the variation of threshold current of laser diodes (see Paper I). This can be compensated
by increasing the current swing of laser diodes at the expense of increased power dissipa-
tion. For SEED-based logic gates, the non-uniformity usually comes from the variation of
photocurrent and refelctivity, which is compensated by the individual adjustment of bias
or shift of wavelength, which is difficult to realize in large arrays. For ASFP SEEDs, it is
practically difficult to operate all the pixels in a large array at the same wavelength due
to the complexity of the device structures which requires extreme uniformity in the device

fabrication process.

8 Summary

We have studied two different approaches to using smart pixel technology for optical inter-
connections. One is based on laser/electronics/detector optoelectronic integrated circuits,
the other is based on SEED optical modulators. The noise performance, optoelect;onic gain,
bandwidth, switching energy, power dissipation, pixel packing density, and temperature sen-
sitivity of the approaches have been analyzed ard compared. The information flux of an
interconnection system has been defined and used as a figure of merit for comparing the two
approaches. In Table 2, we list the typical performance characteristics of devices using both
approaches. The main advantages offered by optoelectronic logic gates over S-SEED-based
logic gates are high bandwidth (> 1GHz), high optoelectronic gain, and ultimately high
information flux. The main advantage of S-SEEDs is that they are much easier to integrate
than both optoelectronic logic gates and FET-SEEDs. Even with recently demonstrated

micro-cavity lasers, the integration of optoelectronic logic gates still has numerous techni-
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cal problems to overcome. Although incorporating transistors into SEED structures such
as in the FET-SEED can improve the performance of SEED-based logic gates, the strong
depeﬁdence of the operating wavelength on temperature still presents inherent drawbacks
to SEED-based logic gates. The functionality offered by S-SEED logic gates is also limited,
while optoelectronic and FET-SEED logic gates can fully combine the advantages of optics
and electronics, which results in the inherent potential of developing complex functionality

required by a diversity of interconnection and processing systems.

In conclusion, the optoelectronic approach has certain advantages in information flux
(F ~ 200GHz/cm?), bandwidth (B > 1GHz), and temperature sensitivity over S-SEED-
based technologies, which nevertheless offers low power dissipation and high packing density

at moderate bandwidths.
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Figure Captions

Figure 1: Photoresponsivity (a) and transmission coefficient (b) of SEED as a func-

tion of bias voltage [from Ref. 12]

Figure 2: S-SEED NOR gate in a cascaded system. The output of the preceding
stage is the input o1 next stage. The transmission of the two SEEDs in each S-SEED are
always complementary to each other. Switching the S-SEED requires four beams: two input

(Pin) and two reading beams (Pux).

Figure 3: Switching transient of S-SEED for given Pgx. When the transmission
coeflicients of the two SEEDs are equal to each other, the logical state of the S-SEED

changes. The intersection is defined as Decision Level.

Figure 4: Minimum input power (Ppm) vs bit rate required for the S-SEED to
operate at BER=10"12. The shaded area correponds to BER> 10712, B, is the cutoff bit
rate.

Figure 5: Minimum input power (P,,,) required for various SEED-based device

structures to operate at BER=10"1? with Py = 500uW. B, is the cutoff bit rate.

Figure 6: SEED bit rate as function of reading beam (P.) for different device
structures: ideal case (solid curves) znd including the exciton saturation effect (dashed

curves).

Figure 7: Observed degradation of contrast rat.» due to exciton saturaturation. “X”
data from Ref. [12]; “O” from Ref. [7). A linear relationship between P.; and C R is assumed

for the straight lines fit to the data.

Figure B8: Switching energy (E,, ) versus bit rate of different SEED structures. At
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high bit rate (high Pi), the exciton saturation effect causes au increase in switching energy,

as shown.

Figure 9: Pixel packing density as function of bit rate for different SEED structures
assuming that the maximum thermal power that can be removed from the pixel array is
1W/cm?. The exciton saturatior. effect is shown by the drop of pixel packing density at high

bit rates. Also shown is the bit rate cutoff region.

Figure 10: Contrast ratio of the S-SEED and the ASFP-SEED as a function of
temperature change.

Figure 11: Temperature rise versus optical input power assuming steady state for
thermal conduction.

Figure 12: Information flux density versus bandwidth for optoelectronic logic gate
and SEED-based technologies. The linear decrease of F at low bandwidth is due to the
geometrical limits on physical size of the gates. At the high bandwidth end, cascode OEIC

circuits offer the highest bandwidth of all technologies.

Figure 13: Information flux density versus pixel packing density for optoelectronic

logic gates and SEED-based technologies. “G. L.” indicates geometrical limitation.
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Abstract

We study the fundamental noise processes of SEED-based logic gates. The switching
noise is calculated for symmetric SEEDs (S-SEEDs), asymmetric Fabry-Perot S-SEEDs
(ASFP S-SEEDs), and SEEDs combined with transistor driving circuits (FET-SEEDs).
The source of noise which determines the minimum power required to switch the SEEDs
in a given time increment is quantum noise associated with the photon absorption and
subsequent carrier or exciton recombination. The results show that FET-SEED logic
gates require the lowest minimum time-average input power as compared with S-SEEDs

and ASFP S-SEEDs.
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Recent interest in self-electrooptic effect devices (SEEDs) has resulted in their use in
several large-scaie optoelectronic switching system demonstrations. in such
demonstrations, symmetric SEEDs (or S-SEEDs) performed as logic gates in which the
output of a S-SEED gate in one stage of a cascaded, 2D network is used to set the state of
the S-SEED gate in the following stage [1]. It was apparent from these and other, similar
experiments that there is a bandwidth-optical power tradeoff which influences the overall
design and implementation of the systém. That is, to achieve high bandwidth, it is
necessary to use high input power to set the state of the SEEDs. As in the case of
optoelectronic gates (with detectors and transistors at the input driving a laser output), the
se of a minimum input optical power to achieve a particular bandwidth is desirable since
allows for maximum gate packing density (which is ultimately limited by beam power
dissipation), and tolerance for losses of optical signals between stages in the cascade. In
considering this bandwidth-power limit, it is useful to determine the fundamental
minimum input power required to trigger a S-SEED logic gate. However, to our
knowledge, a calculation of this fundamental limit which ultimately determines the
performance of S-SEED based architectures, has yet to be presented. It is the purpose of
this paper to determine the effect that switching noise has on system performance using

these novel device structures.
In a S-SEED logic gate, two series, reverse-biased multiple quantum well MQW)

p-i-n diodes function as both light modulators and photodetectors. Ideally, the switching




process occurs whenever the ratio of the power of the two input beams incident on the
series SEEDs (Pin1/P;n2) becomes large enough such that the photocurrent in one diode
significantly exceeds that in the other. Practically , there is a "decision level" determined
by the difference of the two input powers which change the state of the S-SEED lcgic

gate. Now, the swiiching time of a S-SEED is given by [2]:

0
_ CiodV;
At = 1o 1

fVo S(Vo-V2)Pin1-S(V2)Pin2 W

where V), is the power supply voltage, V7 is the voltage across device "2" in the series,
Ctor 1s the total S-SEED capacitance, and S(V) is the responsivity [2]. Using Eq. (1) and a
supply voltage of V=20V, we calculate the changes of the transmission coefficients for
the two diodes of the S-SEED during switching at different input power levels. The
results are shown in Fig. 1. Note that at the point where the transmission coefficients of
the two diodes are equal, the state of the S-SEED is changed. The transmission
coefficient corresponding to this point is then defined as the decision level, D. If the ime
slot, 2Ar = 1/B = 1/2Af (where B is the bit rate and Af is the bandwidth), is too short for a
given input power, then the transmission levels of the two devices will be too close to D
such that a switching error occurs. The power levels at the two inputs determine how fast
the S-SEED will switch, whereas the ratio of the two input powers (or the contrast ratio in
a cascaded system), determines whether the S-SEED will switch within a given time slot.
Note that the factor of two in the relationship between At and B results since two time
slots are required to both set and then to read the S-SEED state. This two-step process is
sometimes referred to as "time sequential gain" [1] since the reading power (P.yx) can be
made larger than the switching power (P;,) to make up for losses between cascade stages.

Since the optical power level ranges from microwatts to milliwatts, we can
assume that Gaussian noise statistics apply. Hence the probability of a switching error

occurring in a time slot, Az, is given by:




/2
p(E) = Q-——n_ 0 (2)

where 0 = %ﬂ . Here, s; is either T(V,) or T(0) (i.e. the SEED transmission coefficient at

V =V, or OV, respectively), and o; is the standard deviation of T(0) or T(V,). For a given
bit error rate (BER) to be achieved by a S-SEED logic gate, a certain value of Q is
required. For example, if p(E) = 10-12 which is desirable in many applications in optical
information processing, then Q = 7. This implies that the difference between T(0) and
T(V,) must be > 140;.

Since the photocurrent of the SEED is due to the absorption of photons, &j can be

represented by the noise current generated in the device: 02 <¢§> where <z§> is the

guantum noise associated with photon absorption and subsequent carrier recombinaton.

Assume that the average number of photons absorbed by the SEED during time slot Az is

Ny, given by:
= (CRADHTOSVo)Peul:

Np = (Pii+Pim)S(Vo)Atlq = 2¢B

(3)

where CR = T(V,)/T(0) is the contrast ratio, and L represents the optical losses between
stages (which equals the coupling efficiency divided by the logic gate fanout). Since the

quantum noise is the standard deviation of the input signal, then <i?> is given by:

<i?> = [2qVN, B) = [4qYN, AfI* = 2gB(CR+DT(O0)S(Vo)PcuL, o))
where YN, is the root mean deviation of Ny. Thus, <iqz> is simply equal to the square
of the shot noise current in the SEED under illumination. The minimum input power

required for setting the logic state of the S-SEED at a given BER is:
Ppin = <if>12, (5)

[CR- ] S(V, )
That is, Pmin depends on the output power of the previous stage times the loss of power
between stages (= P T(V)L). For a typical S-SEED, the CR is between 2 and 4, and the
transmission coefficient of the "off" diode is typically T(0) = 0.15. Figure 2 shows Pp;n

vs B for BER = 10-12, The shaded area indicates the bit rate "cutoff region” in which the

required BER cannot be achieved. We can see that for low Pk, Pminis low while the




cutoff of B (B,) is also low. To increase B,,, high Py is required which will also lead to
a proportionate increase in P, = T(V)PcikL . Note that since the output of one stage
(Pc) is the input which must set the state of Py in the second stage of a cascaded array
configuration, we can define the ratio of Py to Pp;, as the logic gate "dynamic range”.
From Fig. 2, we see that for a S-SEED to operate at 100Mb/s, the input power would be
Pin =P T(0) = SOOuW e 0.15 = 75uW and Pp,;, = 2uW. Hence , the dynamic range,
Pi/Pmin. = 15dB, which is comparable to that of optoelectronic NOR gates operating at
1Gb/s (3].

To improve the noise performance of the S-SEED, T(0) should be minimized for a
given contrast ratio. The role of contrast ratio is not obvious since it can be increased
either by increasing the transmission coefficient of the "on" diode, or by decreasing that
of the "off" diode. The ASFP S-SEED has a 7(Q) that is very small, and the photocurrent
is mostly due to P I(V,). Thus we can expect that the ASFP S-SEED has somewhat
improved noise performance as compared with conventional S-SEEDs, while the input
power of the logical "1" remains high due to the finite T(V,). S-SEEDs with shallow
quantum well structures have comparable noise performance to ASFP S-SEEDs due to
the low bias voltage that is needed for their operation (see Fig. 3).

An alternative, "FET-SEED" [4, 5] technology combines transistor-based input
and logic circuits to switch a MQW modulator. For the FET-SEED, the noise
performance can be analyzed in a manner similar to that used for the optoelectronic NOR
gate employing a p-i-n photodiode and a FET based circuit. Therefore, the noise current
of the FET-SEED is given by [6]:

<ifg> = [k .-L) +2ql 1B +4kTr(2"C') I:B3, 6)

where R is the bias resistance for the SEED that functions as a photodetector, 7, is the
gate leakage current, I = 1.1 for GaAs FETs, and C; is the sum of the SEED, stray, FET
gate-source and gate-drain capacitances. Also, g, is the front-end FET

transconductance, kT is the thermal energy, and I, and /3 are integral transfer functions of




the FET-SEED circuit. Since at the inputs of FET-SEED logic gates, the SEED functions

as a p-i-n photodiode, we can expect the noise performance of such logic gates to be
similar to that of optoelectronic logic gates. Figure 3 compares the minimum time-
averaged input power P, of the S-SEED, ASFF S-SEED, and FET-SEED vs B using
P = 500uW for BER = 10-12 in addition to the parameters listed in Table 1. We can see
that P, for the FET-SEED is lowest among the three different device structures. The
cutoff bit rates of the S-SEED and the ASFP SEED following the treatment of Fig. 1 are
also shown in the plot.

In summary, for the S-SEED logic gate to operate at high switching speeds, a high
reading beam power (P ) is desirable, which increases P, proportionally according to
Fig. 2. As in the case of optoelectronic gates, low input power results in high sensitivity,
but only at low bit rates. Device structures incorporating transistors such as the FET-
SEED are preferred to improve the noise performance of SEED-based logic gates.

The authors acknowledge the Air Force Office of Scientific Research (Alan

Craig) and the National Science Foundation for partial support of this work.
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Figure Captions
|
Figure 1: Switching transient of S-SEED as a function of P.x. When the transmission
coefficients of the two SEEDs are equal, the logical state of the S-SEED changes. The
. intersection is defined as the Decision Level.
Figure 2: Minimum input power (Ppmiy) vs bit rate required for the S-SEED to operate at
¢ BER = 10-12, The shaded area corresponds to BER>10-12. B, is the cutoff bit rate.
Figure 3: Minimum input power (Pnis) required for various SEED-based device
d structures to operate at BER = 10-12 with P = S00pW. B, is the cutoff bit rate.
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Table 1 Parameters and Performance of SEEDs

S-SEED ASFP FET-SEED
S-SEED
Reference (2] [7] [4.5]
SEED Area (um?2) 5x10 5x5 5x5
Vo (V) 20 4.2 6
T(Vo) (on) 0.6 0.22 _
T(0) (off) 0.15 0.03 _
CR (@uW) A(@50) 70 2(@120)
S(Vg) (A/W) 0.31 0.55 -
Quantum Efficiency — —_ 40%
Switching Time (ns) 40 _ 2.8
Switching Erergy (pJ) 2.5 C.1




0.60 == iy T — ' ;
'\,\ll I
0.55¢+ 'I‘\. /
0.50 N \\ /
- Polk = 500pW \ [50uW", [ 5uWY /
o 045} o v \ /
2 |_DecisionLevel _____\ ____ VoM ]
2 0.40F A :
2 l \ '/ '\
© 0.35¢+ / ‘\ ./ '\
- .’ v/ '
§ 030} iy \
= 4 \
O 025 //: |
0.20} yau \.
s ‘.
oisf .. ; ‘
0.10 EEETIE NS ENTIN A IR ERIN I SRRt B S AT N BN RUiIn!
1038 1072 101 100 10! 102 108

Time (ns)




pmin ®W)

10‘ R} B A L 4

T 1N
»
it
©
o0
t
3

g )

L 4

100

1T 7T 1T T ryYrry

10+

LI S 0 & 4 Gy

T

102

Bit Rate (Gb/s)




P onin W)

10l L T B L] T LA )
" -12 ]
[ BER=10 ]
5 W
- Fgp = 500 :
B i
100 -
10-1 1 1 g 1 [ VES U W PRI )
102 10-1 100

Bit Rate (Gb/s)




